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The  impedance  behaviors  of  Si— 0— C  composite  film  electrodeposited  on  Cu  microcones-arrayed  current 
collector  have  been  investigated  to  understand  the  electrochemical  process  kinetics  that  influences  the 
cycling  performance  when  used  as  a  highly-durable  anode  in  a  lithium  battery.  The  impedance  was 
measured  by  using  impedance  spectroscopy  in  equilibrium  conditions  at  various  depths  of  discharge  and 
during  several  hundred  charge— discharge  cycles.  The  measured  impedance  was  interpreted  with  an 
equivalent  circuit  composed  of  solid  electrolyte  interphase  (SEI)  film,  charge  transfer  and  solid  state 
diffusion.  The  impedance  analysis  shows  that  the  change  of  charge  transfer  resistance  is  the  main 
contribution  to  the  total  resistance  change  during  discharge,  but  an  abrupt  augmentation  of  diffusive 
resistance  at  high  depth  of  discharge  is  also  observed  which  cannot  be  explained  very  well  by  the 
presented  model.  The  impedance  evolution  of  this  electrode  during  charge— discharge  cycles  suggests 
that  the  slow  growth  of  the  SEI  film  as  well  as  the  increase  of  the  electrode  density  are  responsible  for  the 
capacity  fading  after  long  term  cycling. 
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1.  Introduction 

Due  to  the  demands  of  Li  batteries  with  higher  storage  capacity 
and  longer  cycling  life  for  applications  such  as  implantable  medical 
devices  and  next-generation  electrical  vehicles,  it  is  very  essential 
to  develop  new  electrode  materials  with  higher  specific  capacities 
[1—3].  Among  all  the  materials  proposed  to  replace  graphite  as  the 
anode,  silicon  has  been  considered  as  one  of  the  most  promising 
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materials  owing  to  its  high  theoretical  specific  capacity 
(4200  mAh  g-1),  high  volumetric  capacity  (9786  mAh  cm-3),  and 
low  charge/discharge  voltage  [4-6].  There  are  a  number  of  studies 
on  silicon-based  electrodes  including,  micrometer,  submicro 
meter,  and  nanosized  particles,  and  various  composite  anodes  [7— 
10].  However,  all  of  these  silicon-based  materials  experience  a 
large  inherent  volume  change  during  the  lithiation  and  delithia- 
tion  process,  which  leads  to  severe  silicon  particle  pulverization 
and  loss  of  electric  contact  with  the  current  collector  [11,12].  This 
mechanical  disintegration  and  electronic  degradation  thereby 
triggered  drastic  capacity  fading  which  is  the  main  reason  pre¬ 
venting  commercial  application  of  silicon  in  lithium  ion  secondary 
systems. 

Recently,  we  have  developed  a  novel  Si-O-C  composite  thick 
film  anode  for  Li  battery  by  electrodeposition  from  an  organic 
solvent  with  a  complex  structure  current  collector  [13].  The 
electrodeposition  method  was  introduced  based  on  the  assump¬ 
tion  that,  to  form  a  Si  containing  anode  from  an  organic  solution, 
the  composite  of  Si  with  an  organic/inorganic  compound  with¬ 
stands  the  stress  during  the  anode  operation  [14].  This  film, 
several  microns  thick,  performed  as  a  Li  battery  anode  with 
a  discharge  (hereafter,  discharge  is  defined  as  delithiation  of 
the  Si-O-C  anode)  capacity  of  ca.  1000  mAh  g-1  of  Si  at  100  cycle 
and  ca.  800  mAh  g-1  even  at  1000  cycle,  which  substantially 
improved  electrochemical  performance  both  in  specific  capacity 
and  cycle  ability  [15].  Furthermore,  a  systematic  study  on 
the  structural  and  chemical  features  was  conducted  by 
STEM,  EELS,  and  XPS  analyses  to  investigate  the  mechanism 
behind  the  cyclability  enhancement  of  this  unique  Si-O— C  anode. 
The  buffering  effect  of  the  volume  change  was  considered  to 
be  achieved  by  the  formation  of  Li20,  Li2C03,  and  Li4Si04.  The 
main  reactions  related  to  the  capacity  of  the  silicon-based  anode 
were  considered  to  be  the  reaction  from  Si  and  Si02  to  LixSi  and 
Li2Si205  [16].  Nevertheless,  it’s  still  necessary  to  make  further 
efforts  to  understand  the  correlation  between  its  structural 
change  and  electrochemical  performance  during  charge- 
discharge  cycles. 

Electrochemical  impedance  spectroscopy  (EIS)  is  a  powerful 
tool  to  study  the  electrochemical  behaviors  occurring  in  the  elec¬ 
trodes  of  Li-ion  batteries.  The  resistance  due  to  each  kinetic  step 
during  the  electrochemical  reaction  in  the  electrode  can  be  ob¬ 
tained  by  this  technique  if  the  time  constants  are  resolvable. 
Therefore,  the  evolution  of  the  electrochemical  and  physical 
properties  of  the  electrodes  can  be  inferred  from  EIS  data  17]. 
Various  anode  materials  have  been  studied  by  EIS,  such  as  carbon 
and  Sn-based  materials  [18,19],  using  models  to  describe  the  total 
impedance  of  the  electrode  as  the  sum  of  the  resistance  and  the 
capacitance  of  the  solid  electrolyte  interphase  (SEI)  layer,  the 
charge  transfer  resistance  of  the  intercalation  process,  the  double 
layer  capacitance  across  the  interface,  and  the  solid  state  diffusion 
in  the  active  materials.  There  are  only  a  few  reports  devoted  to 
investigating  the  impedance  in  silicon  based  materials,  including 
the  phase  transformation  and  structural  change  of  carbon-coated 
Si  particles  and  Si  nanowires  [20-23],  the  formation  of  the  SEI 
on  Si  thin  film  electrodes  [24],  and  cyclability  study  of  Si-C  com¬ 
posite  [17].  However,  due  to  the  unique  structure  of  our  electro- 
deposited  Si-O-C  composite  anode  supported  by  microcones 
array  current  collector,  the  reaction  kinetics  and  mechanism  of 
capacity  fading  during  cycling  may  not  be  the  same  as  the  other  Si 
anode  reported  before.  In  this  work,  the  impedance  behaviors  of 
this  unique  structured  Si-O-C  composite  anode  at  different 
depths  of  discharge  (DOD)  during  the  cycling  process  were  sys¬ 
tematically  investigated  in  order  to  better  understand  the  elec¬ 
trochemical  kinetics  and  mechanism  of  capacity  fading  of  the 
electrode. 


2.  Experimental 

The  Cu  microcone-arrays  current  collectors  were  obtained  by 
the  electroless  deposition  method  [25].  Commercial  pure  Cu  foils 
after  pretreatment  were  used  as  the  substrate  for  the  electroless 
deposition  of  microcone-arrays.  The  deposition  electrolyte  was 
composed  of  analytical  pure  CuS04-5H20  (0.03  mol  dm-3), 
NiS04-6H20  (0.0024  mol  dm-3),  NaH2P02H20  (0.24  mol  dm-3), 
Na3C6H507-2H20  (0.05  mol  dm-3)  and  H3B03  (0.50  mol  dm-3)  as 
well  as  crystallization  modifier  polyethylene  glycol  (5  ppm),  dis¬ 
solved  in  deionized  water.  The  electroless  deposition  was  per¬ 
formed  for  20  min  at  pH  7.5-9.5  (adjusted  by  NaOH  solution)  and 
solution  temperature  of  65  °C.  Subsequently,  the  Cu  microcone- 
arrays  substrates  were  rinsed  with  distilled  water,  dried  in  vac¬ 
uum  overnight,  and  transferred  into  an  Ar  atmosphere. 


Fig.  1.  SEM  image  of  (a)  eiectrodeposited  Cu  microcones  array  structure  substrate,  (b) 
Si-O-C  composites  thick  film  deposited  on  a  microcones  array  substrate,  (c)  Si-O-C 
composites  thick  film  anode  after  charge-discharge  cycles. 
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For  electrodeposition  of  the  Si— 0— C  composite,  the  electrolytic 
solution  containing  0.5  mol  dm-3  SiCU  (Sigma— Aldrich)  and 
0.1  mol  dm-3  tetrabuthylammonium  perchlorate  in  propylene 
carbonate  (TBACIO4,  Kanto  Chemical/PC,  Kishida,  H20  content  less 
than  30  ppm)  was  prepared  in  dry  air.  The  electrochemical  cell 
equipped  with  a  Li/Li+  reference  electrode,  4.0  cm2  Cu  microcone- 
arrays  substrate  as  a  working  electrode,  and  Pt  counter  electrode 
was  set  up  in  Ar  atmosphere.  A  constant  potential  of  -2.4  V  vs.  Pt 
was  applied  to  pass  a  charge  of  8  C  cm”2  for  the  deposition.  The  as- 
prepared  Si— 0— C  composite  thick  film  was  rinsed  by  PC  and  dried 
in  vacuum  for  2  h.  The  depth  profile  of  elements  from  the  results  of 
X-ray  photoelectron  spectroscopy  supported  homogeneous  distri¬ 
bution  of  Si,  O,  and  C  elements  in  the  deposit,  with  the  weight  ratio 
of  Si,  O,  and  C  being  ca.  60,  20,  and  20  wt.%,  respectively.  The  origin 
of  oxygen  and  carbon  is  the  decomposition  products  of  the  organic 
electrolyte  during  the  electrodeposition  process  [15,16]. 

The  resultant  Si-O— C  composite  anode  of  a  Li  battery  was 
transferred  into  a  three-electrode  electrochemical  cell  containing 
1.0  mol  dm”3  lithium  perchlorate  (LiC104)  in  PC  —  ethyl- 
enecarbonate  (EC)  (1:1  v/v)  electrolyte  solution  (Kishida,  H2O 
content  less  than  20  ppm)  and  Li  metal  foils  as  both  reference 
electrode  and  counter  electrode.  The  cell  was  assembled  inside  an 
Ar-filled  glove  box  and  used  for  galvanostatic  cycling  with  potential 
limitation  and  impedance  measurement.  The  gravimetric  capacity 
of  the  Si-based  composite  electrode  was  calculated  according  to  the 
weight  of  silicon  in  the  composites  obtained  from  inductively 
coupled  plasma  (ICP)  analysis.  The  galvanostatic  cycling  with  po¬ 
tential  limitation  were  performed  with  a  Bio-Logic  VMP3  multi¬ 
channel  galvanostat-potentiostat  at  0.1  mA  cm”2  (0.1  C-rate). 
Electrochemical  impedance  spectra  were  taken  with  a  potentiostat 
and  frequency  response  analyzer  (Solartron,  1400)  over  the  fre¬ 
quency  range  from  1  MHz  to  0.01  Hz  with  AC  amplitude  of  10  mV. 


The  EIS  data  were  fitted  with  Microsoft  Excel  Solver  to  reach  the 
minimum  value  of  the  sum  of  the  difference  between  the  acquired 
experimental  complex  impedance  data  and  the  impedances 
calculated  with  the  equivalent  circuit  using  the  parameters  ob¬ 
tained  by  fitting  for  each  frequency.  In  our  model  the  fitting  error  is 
usually  less  than  1%. 

The  surface  morphologies  of  the  microcone-arrayed  current 
collector  and  the  Si-O— C  composite  film  were  observed  by  means 
of  field  emission  scanning  electron  microscopy  (FESEM,  Hitachi,  S- 
4800).  The  cross  sectional  images  were  obtained  by  the  high  res¬ 
olution  transmission  electron  microscopy  (HRTEM,  JEOL,  2100F). 
The  TEM  specimen  was  prepared  by  focused  ion  beam  (FIB,  SEIKO, 
SMI2050). 

3.  Results  and  discussion 

3.1.  General  characterization  of  the  Si—O—C  composite  electrode 

Fig.  1  (a)  shows  a  typical  scanning  electron  microscopy  (SEM) 
image  of  the  Cu  microcones  array  current  collector  fabricated  by 
electroless  plating.  The  deposited  Cu  layer  exhibits  a  rough  surface 
with  serried  and  uniform  cones  distribution.  The  average  height  of 
Cu  cones  is  about  5  pm  and  the  mean  base  diameter  is  estimated  to 
be  1  pm.  After  the  deposition  of  Si-O— C  composite,  as  shown  in 
Fig.  1  (b),  the  microcones  array  structure  was  completely  covered  by 
submicrometer  clusters  with  large  amount  of  voids.  However,  the 
surface  morphology  became  less  porous  after  the  charge/discharge 
cycles,  as  shown  in  Fig.  1  (c).  This  phenomenon  is  more  obvious  by 
comparing  the  cross  sectional  TEM  images  of  the  electrode  before 
and  after  cycling  which  are  shown  in  Fig.  2  (a)  and  (b).  Both  of  the 
electrodes  before  and  after  cycling  appear  in  seamless  contact  be¬ 
tween  the  film  and  Cu  microcones  array  substrate.  It  is  clear  from 


Fig.  2.  TEM  image  of  the  Si-O-C  composite  thick  film  deposited  on  Cu  microcones  array  substrate,  (a)  low  magnification  of  as-deposited  thick  film;  (b)  low  magnification  of  the 
thick  film  anode  after  cycling;  (c)  high  resolution  image  of  the  as-deposited  thick  film  and  (d)  high  resolution  image  of  the  Si-O-C  film  after  cycling.  The  insets  in  (c)  and  (d)  are  the 
diffraction  pattern  obtained  by  TEM. 
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the  cross  sectional  images  that  the  thickness  of  the  Si  film  doesn’t 
increase  too  much  during  cycling,  but  the  quantity  and  the  size  of 
the  voids  obviously  decrease.  This  is  because  the  large  volume 
change  during  the  lithiation/delithiation  cycles  results  in  the 
reorganization  of  the  deposit.  The  crystallinity  of  the  Si— 0— C 
composite  film  was  investigated  by  ex-situ  HR-TEM.  The  as  depos¬ 
ited  Si  film  was  suggested  to  be  amorphous  structure  (Fig.  2  (c))  and 
it  was  confirmed  by  the  diffraction  pattern  shown  in  the  inset  of 
Fig.  2  (c).  However,  in  Fig.  2  (d),  crystallites  a  few  nanometers  in  size 
are  observed  in  the  HR-TEM  image  of  the  composite  film  after 
cycling.  The  crystallinity  was  slightly  increased  after  100  cycles 
(inset  of  Fig.  2  (d)).  The  lattice  parameters  of  these  nano-crystallites 
are  close  to  those  of  silicon  dioxide  and  lithium  silicate  [26  .  This 
result  is  corresponded  with  our  previously  reported  results  [16]. 
Meanwhile,  there  are  some  amorphous  regions  among  these  hazy 
lattice  strips,  which  were  assumed  to  be  Si. 

Fig.  3  shows  the  typical  voltage  profile  of  the  Si-O-C  composite 
anode.  The  lithiation  potential  shows  a  sloping  profile  below  0.30  V 
vs  Li+/Li,  being  consistent  with  lithiation  behavior  of  amorphous  Si 
[27].  The  potentionstatic  differential  capacity— voltage  curve 
derived  from  the  voltage  profile  (inset  of  Fig.  3)  enables  a  more 
detailed  understanding  on  the  delithiation  process.  Two  adjacent 
peaks  are  found  at  0.32  V  and  0.46  V  vs  Li/Li+  indicating  the  phase 
transition  from  a-L^jsSi  to  a-Li*Si  then  to  a-Si  [28]. 


3.2.  Equivalent  circuit  and  typical  fitting  parameters 

The  electrode  morphology  described  in  Fig.  2  (a)  is  a  thick  film 
with  larger  or  smaller  pores  that  can  be  partially  filled  by  the  liquid 
electrolyte.  It  is  similar  to  a  composite  electrode  comprised  of 
particles  with  different  sizes.  Several  equivalent  circuits  have  been 
reported  to  describe  the  situation,  from  the  classical  Randles  circuit 
to  more  complex  systems  built  by  several  sub-circuits  [23].  In  Fig.  4, 
we  present  the  equivalent  circuit  which  was  used  for  simulating  the 
experimental  Nyquist  plot  of  the  Si-O— C  composite  thick  film 
electrode  measured  at  different  potential.  The  circuit  includes:  a 
solution  resistance  (Rs)  and  an  inductive  component,  which  con¬ 
sists  of  inductor  and  resistor  (L  and  R\)  related  to  the  wiring  be¬ 
tween  the  electrode  attached  to  the  current  collector  and  the 
measuring  equipment;  two  RC  parallel  elements  in  series 
describing  the  SEI  film  on  the  surface  (Rf  and  CPEf)  and  lithium  ion 
charge  transfer  at  interface  (Rc t  and  CPEct),  respectively;  and  War¬ 
burg  impedance  for  solid  state  diffusion  of  lithium  ions.  The  double 
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Fig.  3.  Typical  voltage  profile  of  the  Si-O-C  composite  anode.  The  inset  shows  the 
differential  capacity-voltage  curves  for  the  delithiation  process. 
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Fig.  4.  The  equivalent  circuit  used  to  model  the  impedance  spectra  in  this  study. 
Symbols  of  the  equivalent  circuit  were  expressed  as  follows:  L,  inductance  of  current 
collector  and  battery  case;  R\,  resistance  of  current  collector;  Rs,  resistance  of  electro¬ 
lyte  and  current  collector;  Rct,  interfacial  charge  transfer  resistance;  CPEf  and  CPEct 
constant  phase  element  of  SEI  and  electrode  surface  layer;  Wd,  Warburg  impedance. 


layer  capacitance  has  been  replaced  by  a  constant  phase  element 
(CPE)  in  our  model  because  the  Si-O-C  composite  film  is  not 
continuous  and  the  sizes  of  the  clusters  are  distributed  around 
average  values.  The  impedance  of  CPE  can  be  expressed  by  Eq.  (1 ): 

zCPE  =  1/(CMPT)  (l) 

When  p  =  1,  T  has  the  unit  of  a  capacitance  “F  cm-2”.  Note  that 
CPEct  is  not  only  the  double  layer  capacitance  at  interface,  but  also 
includes  the  lithium  intercalation  capacitance  in  the  active 
materials. 

A  typical  fitting  plot  of  this  Si-O— C  composite  anode  is  illus¬ 
trated  in  Fig.  5  with  the  data  of  the  ac  impedance  responses 
measured  at  0.3  V  vs.  Li/Li+  during  1st  delithiation  (about  20% 
DOD).  At  very  high  frequencies  (above  100  kHz),  the  spectrum 
exhibits  an  inductance  response  below  the  real  axis,  which  is 
dominated  by  the  contribution  of  the  external  cell  connections  and 
resistance  of  the  electrolyte.  No  significant  changes  were  observed 
in  this  frequency  range  throughout  all  the  experiments.  As  the 
frequency  decreases  (between  100  kHz  and  1  Hz),  a  smaller  semi¬ 
circle  at  high  frequency  and  a  larger  semicircle  at  mid  frequency  are 
observed.  This  can  be  attributed  to  the  presence  of  a  passive  SEI 
layer  and  the  charge  transfer  resistance  in  parallel  with  the  double 
layer  capacitances.  At  low  frequencies  (below  1  Hz),  the  contribu¬ 
tion  from  solid  state  diffusion  is  confirmed.  In  this  frequency  region 
the  spectrum  shows  typical  semi-finite  diffusion  behavior.  Thus  the 
finite  space  Warburg  element  was  used  for  modeling.  The  diffusion 
impedance,  Zd,  is  defined  by  Eq.  (2): 

Zd  =  0'wt)'p  coth(/wi)p  (2) 


Z'/Qcm2 


Fig.  5.  Typical  fitting  plots  of  experimental  impedance  spectrum  of  this  Si-O-C 
composites  thick  film  electrode  measured  at  discharge  potential  of  0.3  V  vs.  Li/Li+, 
frequency  range:  1  MHz  to  0.1  Hz,  signal  amplitude  10  mV. 
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where  j  is  T,  w  is  angular  frequency,  t  is  the  time  constant, 
p  =  0.5  for  the  ideal  finite-space  behavior,  and  fi d  is  the  diffusion 
resistance  which  can  be  calculated  from  the  low-frequency  limit  of 
the  real  part  of  Z.  As  was  discussed  elsewhere  [29],  it  may  not 
appear  straightforward  to  use  this  relationship,  since  such  inho¬ 
mogeneous  distribution  of  the  film’s  thickness  will  result  in  a  rather 
complicated  situation  for  Li-ion  diffusion;  while  in  the  thick  parts  of 
the  Si-O— C  film  a  semi-infinite  diffusion  takes  place,  in  thin  parts 
equilibrium  may  be  reached.  Here,  we  just  discuss  the  change  trend 
of  fid. 

The  dotted  curve  in  Fig.  5  shows  the  impedance  calculated  using 
the  equivalent  circuit  in  Fig.  4.  The  fitting  parameters  obtained  from 
the  equivalent  circuit  are  presented  in  Table  1.  Note  that  the 
resistance  of  inductive  component  R\  is  a  negative  value  which  is 
theoretically  used  for  fitting  and  does  not  exist  as  a  discrete 
component,  thus  the  parameters  of  outer  component  are  not 
shown  in  the  table.  Besides,  a  satisfactory  agreement  between  the 
experimental  and  simulated  Nyquist  plots  in  the  low-frequency 
domain  was  achieved  by  using  unfixed  p  =  0.42,  instead  of 
p  =  0.5,  for  the  ideal  finite  space  Warburg  element. 

3.3.  Impedance  dependence  on  the  depth  of  delithiation 

The  change  in  composition  of  the  Si  electrode  is  described  in 
terms  of  the  depth  of  discharge  (DOD)  during  lithium  extraction. 
The  electrodes  were  lithiated  to  0.01  V  vs.  Li/Li+  by  constant  current 
(CC)  with  50  pA  citT2  and  were  maintained  at  0.01  V  until  the 
current  density  fell  below  1  pA  cm-2,  then  delithiated  at  the  current 
density  of  50  pA  cm-2.  During  the  delithiation,  the  current  was 
stopped  at  different  potentials  to  obtain  LIBs  with  different  DODs. 
Each  EIS  spectrum  was  collected  at  the  end  of  the  corresponding 
CC-CV  step  after  waiting  1  h  for  relaxation  at  the  open  circuit 
voltage  (OCV)  condition.  Fig.  6  shows  the  Nyquist  plot  of  the 
measured  impedances  at  different  discharge  potentials  and  fre¬ 
quency  ranges.  All  of  these  impedance  spectra  measured  at 
different  DOD  can  be  fitted  by  the  equivalent  circuit  shown  in  Fig.  4, 
except  for  impedance  spectrum  obtained  at  very  high  DOD 
(discharge  above  1.0  V).  The  dependence  of  fitted  resistance  pa¬ 
rameters  on  discharge  potential  is  shown  in  Fig.  7.  Except  for  the 
abrupt  increase  of  fid  at  high  DOD,  the  main  contribution  to  the 
total  resistance  of  delithiation  can  be  attributed  to  fic t  change.  With 
an  increase  of  discharge  potential  from  0.2  V,  the  charge-transfer 
resistance  decreased,  and  showed  the  minimum  value  at  about 
0.3  V,  then  slightly  increased  from  0.3  V  to  0.5  V,  with  accelerated 
rise  at  potentials  above  0.5  V.  This  is  very  similar  to  the  behavior  of 
the  carbonaceous  electrode  reported  by  A.  Funabiki  [18].  The  in¬ 
crease  of  fict  from  the  discharge  potential  of  0.3  V-0.2  V  may  be 
attributed  to  volume  expansion  of  the  active  materials  which  block 
the  diffusion  path  of  the  lithium  ion  into  the  electrode.  It  was  also 
reported  that  the  phase  transformation  of  crystalline  Lii4Sii5  to 
amorphous  Si  during  discharge  above  0.2  V  will  result  in  a  decrease 


Table  1 

Typical  fitting  parameters. 


Electrolyte 

Rs 

32.1  Q 

SEI 

Rf 

19.9  Q  cm2 

CPE  rT 

1.9E-04 

CPE  rp 

0.5 

Charge  transfer 

Rct 

34.9  Q  cm2 

CPE  Ct-T 

2.7E-05 

CPE  ct-p 

0.9 

Diffusion 

Rd  of  Wd 

65.7  Q  cm2 

T  of  Wd 

1.2 

p  of  Wd 

0.42 

Fig.  6.  Nyquist  plot  of  Si-O-C  composite  thick  film  anode  with  several  different 
discharge  potential.  The  lowest  frequency  impedances  (at  0.01  Hz)  are  indicated  by 
arrows,  except  for  the  one  measured  at  1.0  V,  shown  as  the  inset. 


of  charge  transfer  resistance  [22].  On  the  other  hand,  the  increase  of 
fict  at  high  DOD  may  be  attributed  to  the  decrease  of  the  electronic 
conductivity  inside  the  electrode,  due  to  the  transformation  of 
lithium  silicate  to  amorphous  silicon.  A  gradual  decrease  of  SEI 
resistance  fif  is  also  observed,  in  agreement  with  already  reported 
results  for  amorphous  silicon  thin  films  and  has  been  attributed  to 
the  mild  dissolution  of  the  SEI  during  discharge  [24].  fis,  which  is 
not  shown  in  the  figure,  remains  almost  constant  during  the 
discharge  process.  The  significant  increase  of  fid  indicates  that  the 
lithium  diffusion  in  active  materials  becomes  very  difficult  at  high 
DOD.  But  the  reason  for  this  change  is  not  clearly  understood.  In 
fact,  the  low  frequency  impedance  behavior  at  very  high  DOD 
(above  1.0  V)  is  quite  different  from  that  measured  at  other  DODs. 
As  shown  in  the  inset  of  Fig.  6,  the  impedance  at  the  frequency  of 
diffusion  appears  as  a  part  of  an  arc  instead  of  the  semi-infinite 
diffusion  behavior.  This  behavior  was  explained  as  the  contribu¬ 
tion  of  structure/phase  transformation  in  the  Si  thick  film  electrode 
[23].  However,  we  can’t  make  a  conclusion  on  the  mechanism  of 
kinetics  change  simply  with  EIS  analysis,  and  more  direct  evidence 
is  needed. 


0.1  0.2  0.3  0.4  0.5  0.6  0.7 

Potential  /  V  vs.  Li/Li+ 

Fig.  7.  Variation  of  charge  transfer  resistance  ( Rct ),  SEI  resistance  (Kf)  and  diffusion 
resistance  (i?d)  with  level  of  discharge,  obtained  by  fitting  of  experimental  impedance 
spectra  measured  after  200  charge-discharge  cycles. 
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3.4.  Impedance  change  after  charge— discharge  cycles 

Fig.  8  reveals  the  capacity  value  of  the  Si— 0— C  composite  thick 
film  anode  under  a  loading  current  of  100  pA  cm-2,  which  corre¬ 
sponds  to  a  value  of  0.2  in  C-rate.  In  the  initial  stage,  the  composite 
exhibited  a  high  value  of  discharge  capacity  above  1000  mAh  g  1  of 
Si.  After  the  10th  cycle,  this  value  decreases  to  900  mAh  g_1  of  Si, 
and  then  returns  to  1000  mAh  g-1  again  after  50  cycles.  Finally,  it 
gradually  decreases  while  the  discharge  capacity  is  kept  at  a  value 
higher  than  800  mAh  g-1  of  Si  for  more  than  200  cycles.  The 
Coulombic  efficiency  increases  from  80%  to  97%  during  the  initial  5 
cycle,  and  then  slowly  increases  to  98.5%  during  the  following  200 
cycles. 

To  better  understand  the  capacity  fading  mechanism  of  these 
Si-O— C  composite  thick  film  electrodes,  Fig.  9  shows  the  Nyquist 
plot  at  the  discharge  potential  of  0.3  V  after  the  indicated  number  of 
cycles.  They  have  generally  the  same  features  as  illustrated  in  Fig.  5. 
By  fitting  the  impedance  data  using  the  equivalent  circuit  in  Fig.  4, 
the  change  in  resistance  parameters  during  200  cycles  at  the  same 
DOD  (discharge  potential  of  0.3  V)  are  shown  in  Fig.  10.  No  change 
of  Rs  (not  shown  in  the  figure)  was  observed  during  cycling.  The 
degradation  of  the  electrolyte  can  be  neglected  because  of  enough 
amount  of  electrolyte  by  using  a  beaker  type  cell.  As  shown  in  the 
figure,  the  resistance  of  the  surface  film,  Rf,  rapidly  increased  over 
the  first  five  cycles,  indicating  the  formation  of  SEI  film  on  the 
electrode.  Compared  to  the  change  trend  of  Rf  and  the  Coulombic 
efficiency  shown  in  Fig.  8,  we  can  conclude  that  the  formation  of  a 
passive  layer  on  the  electrode  may  be  responsible  for  the  initial 
irreversible  capacity.  During  the  following  cycling,  the  gradual  in¬ 
crease  of  Rf  indicates  the  slow  growth  of  the  SEI  film.  On  the  con¬ 
trary,  the  resistance  of  the  diffusion  R d  decreased  during  the  first  5 
cycles,  and  then  slowly  increased  during  the  following  200  cycles. 
The  diffusion  resistance  is  related  to  the  diffusion  coefficient  and 
the  diffusion  length.  The  decrease  of  R d  during  the  first  3  cycles  may 
be  attributed  to  a  decrease  of  diffusion  length  due  to  the  decrease  of 
film  thickness,  which  was  confirmed  by  SEM  in  our  previous  work 
[16],  while  the  slow  increase  of  Ra  may  be  attributed  to  the  film 
density  increase  after  long  time  cycling. 

The  charge  transfer  Rct  increased  dramatically  during  the  first  10 
cycles,  which  is  consistent  with  the  capacity  decrease  during  the 
first  10  cycles.  An  abrupt  decrease  at  the  50th  cycle  may  be  due  to 
cracking  in  the  composite  film,  leading  to  the  formation  of  elec¬ 
tronic  pathways  and/or  ionic  pathways  in  the  anode  matrix.  The 
cracking  of  the  Si  film  has  been  observed  by  SEM  in  our  previous 
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Fig.  8.  Plot  of  electrode  capacity  and  coulombic  efficiency  with  the  number  of  charge- 
discharge  cycles. 
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Fig.  9.  Typical  Nyquist  plot  of  the  battery  at  the  discharge  voltage  of  0.3  V  with 
different  number  of  cycles. 


study  [13].  After  50  cycles,  the  charge  transfer  resistance  gradually 
increases  until  100  cycles  and  remains  almost  constant  for 
following  cycles,  which  demonstrates  that  the  cracked  thick  film 
has  not  disintegrated  and  degraded  with  the  Cu  microcones  array 
current  collector  sticking  to  the  active  materials  tightly.  Thus  the 


Cycle  number  /  - 


Fig.  10.  Plots  of  charge  transfer  resistance  ( Rct ),  SEI  resistance  (Rf)  and  diffusion 
resistance  (i?d)  as  function  of  cycle  number,  obtained  by  fitting  of  experimental 
impedance  spectra  measured  at  discharge  potential  of  0.3  V  vs.  Li/Li+. 
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long  term  degradation  of  the  Si  composite  thick  film  electrode  is 
due  to  the  slow  growth  of  the  surface  film  as  well  as  the  increase  of 
the  diffusive  resistance  during  cycling. 

4.  Conclusions 

In  summary,  a  microcone  array  structure  supported  silicon 
composite  film  fabricated  by  electrodeposition  was  studied  by 
electrochemical  impedance  spectroscopy.  The  morphology  and 
structure  analysis  of  the  electrode  show  that  the  as-deposited  Si— 
0— C  composite  film  becomes  less  porous  after  cycling,  and  the 
transition  from  amorphous  to  nano-crystalline  has  been  observed. 
From  the  EIS  result,  the  change  of  charge  transfer  resistance  is  the 
main  contribution  to  the  total  resistance  change  during  discharge. 
The  abrupt  increase  of  the  diffusion  resistance  is  not  explained  very 
well  by  the  present  model.  The  kinetics  of  this  Si— 0-C  composite 
electrode  cannot  be  simply  concluded  by  EIS  study  due  to  lack  of 
direct  evidence.  The  impedance  evolution  of  this  Si-O-C  thick  film 
anode  during  charge/discharge  cycles  has  also  been  studied  by  EIS 
technique.  The  initial  irreversible  capacity  during  the  first  5  cycles 
is  mainly  attributed  to  the  formation  of  the  SEI  film  on  the  electrode 
surface,  while  the  long  term  degradation  of  the  electrode  may  be 
due  to  the  slow  growth  of  the  SEI  film  as  well  as  the  increase  of  the 
electrode  density  during  cycling.  A  significant  decrease  of  charge 
transfer  resistance  after  50  cycles  is  also  observed,  which  may  be 
attributed  to  the  cracking  in  the  electrode.  The  EIS  technique  has 
been  shown  as  an  effective  tool  to  investigate  the  mechanism  of 
capacity  fading  of  this  Si-O-C  composite  thick  film  anode. 
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